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A region of the Lymantria dispar multinucleocapsid nuclear polyhedrosis virus (LdMNPV) genome containing the homolog
of the baculovirus ie-1 gene was identified using a series of overlapping cosmids and individual plasmids in a transient
transcriptional expression assay. Sequence analysis of the active region identified two ORFs, one of which is 32% identical
to AcMNPV ORF141 (ie-0) and contains a putative splice donor site and the other of which is 29% identical to AcMNPV ie-
1 and contains a highly conserved splice acceptor consensus sequence. Plasmids containing the LdMNPV ORF141 and ie-
1 regions were able to stimulate expression of a GUS reporter gene, while plasmids containing the ie-1 region alone were
inactive, suggesting that only the spliced, IE-0 form of the gene product is an active transactivator. Primer extension analysis
confirmed the presence of spliced ie-0 mRNA transcripts starting at 6 hr and continuing throughout the time course of viral
infection of the L. dispar cell line Ld652Y. Using a plasmid containing the ie-0 spliced form of the gene as a transactivator,
hr4, one of the eight homologous regions of LdMNPV, was shown to act as a transcriptional enhancer. In contrast, a reporter
plasmid containing the AcMNPV hr5 enhancer did not show increased activity when cotransfected with LdMNPV ie-0,
suggesting that these enhancer sequences are viral specific. In a transient replication assay system, LdMNPV ie-0 acted
as an essential replication gene, but LdMNPV ie-1 was inactive. These results indicate that splicing is required to obtain
an active gene product in LdMNPV in the Ld652Y cell line. q 1997 Academic Press
INTRODUCTION cated approximately 4 kilobase pairs (kbp) upstream
of ie-1 (Ayres et al., 1994; Chisholm and Henner, 1988;
The Lymantria dispar multicapsid nuclear polyhedro- Guarino and Summers, 1986a, 1987; Kovacs et al.,
sis virus (LdMNPV) is pathogenic for the gypsy moth, 1992). During viral infection the ie-0 and ie-1 genes
which is a major insect pest in the Northeastern United are differentially expressed, with ie-0 reaching peak
States. It is a member of the family Baculoviridae, a levels early in the cycle and ie-1 expressed throughout
diverse group of insect viruses, and contains a large the infection process (Chisholm and Henner, 1988; Ko-
(about 164 kb) double-stranded, circular, supercoiled vacs et al., 1991b). The ie-1 gene of Orgyia pseudotsu-
DNA genome (Blissard and Rohrmann, 1990). In bacu- gata multinucleocapsid nuclear polyhedrosis virus
lovirus-infected insect cells, viral genes are expressed (OpMNPV) has also been shown to exist in both a
in an ordered sequence with early genes being ex- spliced and unspliced form with a time course of ex-
pressed before viral DNA replication occurs. Certain pression similar to that seen with AcMNPV (Theilmann
early genes are transcribed in uninfected insect cells and Stewart, 1991).
at high levels in the absence of other viral gene prod- Homologous regions (hrs) have been identified and
ucts, and their products, in turn, are required for ex- characterized in both AcMNPV and OpMNPV (Cochran
pression of other early genes (for reviews see Blissard and Faulkner, 1983; Guarino and Summers, 1986b; Theil-
and Rohrmann, 1990; Friesen and Miller, 1986). In the mann and Stewart, 1992). These regions consist of re-
most well-characterized baculovirus, Autographa calif- peated DNA sequences which function as transcriptional
ornica multinucleocapsid nuclear polyhedrosis virus enhancers when they are located in cis to promoter ele-
(AcMNPV), early genes are stimulated by a transcrip- ments and are transactivated by the ie-1 gene product
tional transactivor (IE-1) encoded by the immediate (Guarino and Summers, 1986b, 1988; Rodems and Frie-
early gene, ie-1. This gene encodes a protein of 582 sen, 1993; Theilmann and Stewart, 1992). Homologous
amino acids and also exists in a spliced form, ie-0. Ie- regions have also been identified in Bombyx mori NPV
0 contains an additional 54 amino acids at the amino (Majima et al., 1993), Choristoneura fumiferana NPV (Arif
terminus, partially encoded by ORF141, which is lo- and Doerfler, 1984; Kuzio et al., 1992), LdMNPV (McClin-
tock and Dougherty, 1988; Pearson and Rohrmann, 1995),
and Anticarsia gemmatalis (Garcia-Maruniak et al., 1996).1 To whom correspondence and reprint requests should be ad-
AcMNPV, OpMNPV, and LdMNPV hrs have been showndressed at Department of Microbiology, Oregon State University, Cor-
to function as origins of DNA replication in plasmid trans-vallis, Oregon 97331-7301. Fax: (541) 737-0497. E-mail: pearsonm@
bcc.orst.edu. fection assays (Ahrens et al., 1995; Kool et al., 1993a;
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Leisy and Rohrmann, 1993; Pearson and Rohrmann, coli strain DH5a and purified on Qiagen columns (Qia-
gen, Inc.).1995).
In this report, we describe the location, sequence, ex-
DNA sequence analysispression, and functional characterization of the LdMNPV
ie-0 and ie-1 gene homologs. In addition, we examine Sequence reactions were performed with the Taq Dye-
Deoxy Terminator Cycle Sequencing Kit (Applied Biosys-the ability of a plasmid containing the LdMNPV hr4 to
function as an enhancer of early gene transcription. tems, Inc., Foster City, CA) according to the manufactur-
er’s instructions with the exception that the reactions
were performed in 5% dimethyl sulfoxide and cycled to aMATERIALS AND METHODS
higher denaturation temperature (977) in a Perkin–Elmer/
Cells and virus Cetus Model 480 or Model TC1 thermal cycler. Reactions
were electrophoresed and analyzed on an ABI ModelLdMNPV strain CI 5-6 (Slavicek, 1991) was used for
373A or 377 automated DNA sequencer. The nucleotideinfections. The L. dispar (Ld652Y) cell line was propa-
sequences and predicted protein sequences were ana-gated at 277 in TNMFH medium (Summers and Smith,
lyzed with the GCG suite of sequence analysis programs1987) supplemented with 10% fetal bovine serum, penicil-
(Devereux et al., 1984), version 7.2-UNIX (1992).lin G (50 U/ml), streptomycin (50 mg/ml; Whittaker Biopro-
ducts), and amphotericin B (Fungizone; 500 ng/ml; Flow Virus infection, RNA isolation, and primer extension
Laboratories) as previously described (Quant-Russell et analysis
al., 1987). Spodoptera frugiperda (Sf9) cells were also
Ld652Y or Sf9 cells were infected with LdMNPV ormaintained at 277 in TNMFH (Summers and Smith, 1987).
AcMNPV, respectively, at a multiplicity of infection of 10.The AcMNPV E2 strain was used for infections (Smith
After 1 hr of incubation, the virus-containing medium wasand Summers, 1978).
removed and replaced with fresh medium. This point was
defined as time zero. Cell samples were collected atConstruction of cosmids and plasmids
various times thereafter, and total cell RNA was isolated
using TRIzol Reagent (Life Technologies, Gaithersburg,LdMNPV cosmids and plasmid clones pDB107,
pDB111, and pDB115 were supplied by Dr. Jim Slavicek. MD) according to the manufacturer’s instructions.
Primer extension analysis was used to identify theThe cosmids were constructed using partial PstI or ClaI
digests of DNA from the LdMNPV clonal isolate CI 5-6 LdMNPV ie-0 and ie-1 transcription initiation sites. Two
19-mer oligonucleotides, 5*-CAA CGA CAC CAG TATcloned into the cosmid vector pHC79 (Slavicek, 1991).
The pDB107 subclone contains the 8.58-kb HindIII G frag- TTG C-3* and 5*-CGG ACA TGA TTT GAA GGT C-3*,
complementary to the 5* ends of the LdMNPV ie-0 (ntment cloned into the HindIII site of pUC18; pDB111 con-
tains the 9.0-kb BglII G fragment subcloned into the 177 to 195) and LdMNPV ie-1 (nt 172 to 190) open reading
frames (ORFs), respectively, were synthesized (see Fig.BamHI site of pUC18; and pDB115 is a 5.7-kb BglII/HindIII
fragment subcloned into the BamHI/HindIII sites of 3). These oligonucleotides were 5* end-labeled with [g-
32P]ATP using T4 polynucleotide kinase, annealed to totalpUC18 (see Fig. 1). Subclones of pDB107 were con-
structed by digesting the plasmid with PstI and cloning cell RNAs isolated at various times p.i., and used for
primer extension analysis as previously described (Blis-the resulting 4.3- (p107Pst4.3), 2.4- (p107Pst2.4), and 1.6-
(p107Pst1.6) kb fragments into the PstI site of pBlue- sard and Rohrmann, 1989). Briefly, for each time point, 5
ng of labeled oligonucleotide was annealed to 20 mgScribe0 (pBS0) (Stratagene, Inc.) modified by the addition
of a BglII site (Gombart et al., 1989). The deletion clone total cell RNA at 507 for 45 min in a volume of 10 ml. To
each annealing mixture, 20 ml of primer extension mixp107PstSphD was constructed by partially digesting
pDB107 with PstI and isolating and religating the re- containing 0.05 M Tris (pH 8.0), 0.05 M KCl, 5 mM MgCl2 ,
5 mM DTT, 0.25 mM each dATP, dCTP, dTTP, and dGTP,sulting 9-kb fragment which was missing the 2.4-kb Pst
fragment. This clone was then cut with SphI, removing and 100 units of M-MLV reverse transcriptase (Life Tech-
nologies) was added and the reactions were incubateda 770-bp fragment containing the first 246 nt of ORF148
(odv-e56), and religated. Construction of the A0 plasmid at 427 for 45 min. The reactions were then ethanol precip-
itated by adding 3 ml 3 M NaOAc, 75 ml 95% ethanol and(called pLdhr4 in this report) containing the LdMNPVhr4
homologous region and the reporter plasmids incubating overnight at 0207. The ethanol precipitates
were pelleted, resuspended in 4 ml 0.1 N NaOH, 1 mMp39KGUSpl18 (termed p39KGUS in this report) and
pHdQ-39KGUS was previously described (Leisy et al., EDTA, incubated at 25–307 for 30 min, and then adjusted
to 50% formamide. Primer extension products were elec-1995; Pearson and Rohrmann, 1995). The pLdhr4GUS
reporter plasmid was produced by ligating the BamHI– trophoresed on 6% polyacrylamide 7 M urea gels.
EcoRI Ldhr4 containing fragment into BamHI–EcoRI-di-
Transfection and GUS assaygested p39KGUS. Restriction enzymes and DNA-modi-
fying enzymes were purchased from New England Bio- Log-phase Ld652Y or Sf9 cells were seeded onto 6-
well plates at a density of 1.2 1 106 cells per well. Thelabs (NEB). Plasmids were propagated in Escherichia
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cells were cotransfected with cosmid or plasmid DNA mids. In one of three ie-1 gene-containing clones se-
quenced, a G replaced an A at nucleotide 305, resultingequimolar to 1.0 mg of AcMNPV pIe-1, a 6-kb plasmid
containing the AcMNPV ie-1 gene, and b-glucuronidase in the amino acid arginine in place of glutamine at posi-
tion 62. Data generated using this clone were the same(GUS) reporter DNA equimolar to 0.5 mg of p39KGUS
using a calcium phosphate method as previously de- as those produced by the two correct clones.
To obtain an AcMNPV ie-0 clone, a 3* 20-nt primer,scribed (Leisy et al., 1995; Summers and Smith, 1987).
After 4 hr, the transfection mixture was removed and MNP5Ac (5*-CGA GTT GAC GCT TGC CAA AA-3*), com-
plementary to a sequence 29 nt downstream of the uniquereplaced with 1 ml fresh TNM-FH, and the cells were
incubated for 48 (Ld652Y) or 24 hr (Sf9) (Theilmann and EcoRV site in the AcMNPV ie-1 ORF, was used to reverse-
transcribe total RNA extracted from Sf9 cells 2 hr p.i. TheStewart, 1991). The cells were harvested and lysed as
previously described (Leisy et al., 1995), and the superna- resulting product was then PCR-amplified by adding a 5*
mutagenic 21-mer oligonucleotide, MNP4Ac (5*-GCAtants were assayed for GUS activity by the fluorogenic
method of Jefferson (1987). ACG CAC CAT GGT AAG AAC-3*), designed to introduce
an NcoI site at the ie-0 ATG. The 378-bp PCR fragment
was cut with NcoI and EcoRV and cloned into the NcoI –Reverse transcription-polymerase chain reaction
EcoRV-digested AcMNPV ie-1-containing pBKS0 clone(RT-PCR)
described above. DNA sequence analysis confirmed that
the resulting clone, pAcie-0, contained the correctRT-PCR was used to obtain spliced ie-0 and unspliced
ie-1 fragments which could then be used to construct AcMNPV ie-0 sequence spliced to the AcMNPV ie-1 ORF
(Chisholm and Henner, 1988; Kovacs et al., 1991a).plasmids containing the entire ie-0 or ie-1 gene under
the control of the AcMNPV ie-1 gene promoter. Two 20-
Plasmid replication assaymer oligonucleotide 5* primers were designed to intro-
duce an NcoI site at the ATG of the ie-0 and ie-1 PCR Total DNA was collected from uninfected Ld652Y cells
products (Fig. 3). These primers were MNP2Ldie0, 5*- 72 hr after transfection with cosmids and plasmids con-
CCG CAG TGC AAC CAT GGA TC-3* and MNP6Ldie1, taining the LdMNPV replication genes as previously de-
5*-GAC TCG CCC ATG GAA CCT TT-3*. The 3* primer scribed (Kool et al., 1993b, 1994; Pearson and Rohrmann,
was a 19-mer oligonucleotide complementary to nt 550– 1995). A DpnI-based assay was then used to detect repli-
568, a sequence 11 nucleotides downstream of a unique, cation of the reporter plasmid, pLdhr4, which contains
naturally occurring NcoI site in the LdMNPV ie-1 gene the hr4 region of LdMNPV previously shown to behave
(MNP7Ld, 5*-GGC TGT TGA AGT CGT TCT G-3*). RT-PCR as an origin of replication in transient assays (Pearson
was performed using a GeneAmp RNA PCR kit (Perkin – and Rohrmann, 1995). Samples were digested with DpnI
Elmer, Foster City, CA) according to the manufacturer’s (Peden et al., 1980) and PstI to linearize the reporter
instructions. Total RNA (1 mg) isolated from LdMNPV- plasmid, followed by agarose gel electrophoresis, South-
infected cells at 12 hr p.i. was reverse-transcribed using ern blotting, and hybridization with 32P-labeled pBKS0,
the 3* MNP7Ld primer for 15 min at 427. The resulting as previously described (Pearson and Rohrmann, 1995).
sample was then PCR-amplified with the 5* primers Quantification of replication was done using a PSI-486
MNP2Ldie0 or MNP6Ldie1 using 35 cycles of 1 min at PhosphorImager S1 and Imagequant Workstation (Mo-
957 and 1 min at 607 followed by one cycle of 7 min lecular Dynamics) using the Scanner Control SI-PDSI 1.0
at 727 in a Personal Cycler (Biometra, Tampa, FL). The and Imagequant 4.1 software packages.
resulting PCR fragments, 591 bp for MNP2Ldie0 and 456
bp for MNP6Ldie1, were cut with NcoI and gel-purified. Nucleotide sequence accession number
A BamHI–HindIII fragment containing the Acie-1 gene
The nucleotide sequence data reported in this pa-(Kool et al., 1994) was cloned into pBluescript KS0
per will appear in the GSDB, DDBJ, EMBL, and NCBI(pBKS0) (Leisy et al., 1995), and an NcoI site was intro-
nucleotide sequence databases under Accession No.duced at the ATG by site-directed mutagenesis (Kunkel
AF006656.et al., 1987). The NcoI/HindIII fragment, containing the
AcMNPV ie-1 ORF and 3* flanking region, was removed
RESULTSfrom this plasmid and replaced with a 1.86-kb NcoI/Hin-
dIII fragment from p107Pst4.3 which contains about two- Identification, location, and sequence of an LdMNPV
thirds of the C-terminal portion of the LdMNPV ie-1 ORF early gene transactivator
and the 3* flanking region. The NcoI-cut ie-0 and ie-1
PCR fragments were then cloned into the NcoI site of A GUS transient expression assay was used to identify
genes that transactivate early gene expression. A seriesthis plasmid to give clones containing either the LdMNPV
ie-0 (pLdie-0) or the LdMNPV ie-1 (pLdie-1) gene ORFs of cosmids representing the entire LdMNPV genome
(Fig. 1a) (Slavicek, 1991) were individually transfectedunder the control of the AcMNPV ie-1 gene promoter.
The predicted sequences were confirmed by DNA se- into uninfected Ld652Y cells along with a reporter plas-
mid, p39KGUS, containing the GUS gene under the con-quencing of the junctions and PCR portions of the plas-
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FIG. 1. Location on the LdMNPV genome of the ie-1 gene. (a) A HindIII map of the LdMNPV genome that shows the location of the cosmid
clones (top) along with a detailed map of the location and orientation of the ORFs identified in the HindIII-G fragment (bottom). The ORFs are named
for the homologous ORFs in the AcMNPV genome (Ayres et al., 1994; Braunagel et al., 1996). The polyhedrin gene is included for orientation.
Selected restriction sites used for constructing the clones are indicated. (b) Schematic diagram of clones used to locate transactivating genes in
the HindIII-G fragment. The names of the clones and their ability to stimulate early gene expression are shown on the right.
trol of the AcMNPV 39K early promoter (Carson et al., and 2). These results indicate that sequences present
on both the PstI 1.6- and 4.3-kb fragments are required1988; Guarino and Summers, 1986a, 1987; Leisy and
Rohrmann, 1993). Only cells transfected with cosmid A in cis for transactivation of the reporter gene to occur.
The HindIII-G region was sequenced and found to con-and the reporter plasmid showed GUS activity above
background levels (data not shown), indicating the pres- tain a series of ORFs which are colinear with AcMNPV
ORFs 141 through 148 (odv-e56) (Ayres et al., 1994; Brau-ence of an activator of early gene transcription. A sub-
clone of cosmid A, containing the 8.58-kb HindIII-G frag- nagel and Summers, 1994). An ORF, located in the
p107Pst1.6 fragment, encodes a 258-amino-acid proteinment (pDB107) that spans the portion of cosmid A not
overlapped by cosmids B and F, was tested in the GUS (Fig. 3a) that is 32% identical to AcMNPV ie-0 (ORF141).
A putative splice donor consensus sequence is locatedtransient expression assay and found to contain the
transactivating activity (Figs. 1b and 2). The clones 86 nucleotides downstream of the ATG which is identical
to the AcMNPV donor sequence except for the last 2pDB111 and pDB115, which contain the portions of
pDB107 to the right and to the left, respectively, of the nucleotides (Chisholm and Henner, 1988). An ORF span-
ning the BglII site of HindIII-G encodes a 566-amino-acidBglII site at 5.7 kb (Fig. 1b), did not stimulate GUS expres-
sion, suggesting that the transcriptional activator spans protein (Fig. 3b) which is 29% identical to AcMNPV ie-1
(ORF147) and also shows a similar degree of identity tothis BglII site. PstI fragments of 1.6, 2.4, and 4.3 kb from
pDB107 cloned into pBS0 tested negative in this assay OpMNPV ie-1. A highly conserved splice acceptor con-
sensus sequence, differing from AcMNPV at only 1 nucle-(Fig. 1b and data not shown). In addition, when the
p107Pst1.6 and p107Pst4.3 clones were cotransfected otide (Chisholm and Henner, 1988), is located 39 nucleo-
tides upstream of the ATG initiation codon of theinto Ld652Y cells, no GUS expression was detected (data
not shown). p107PstSphD, a PstI–SphI deletion clone of LdMNPV ie-1 homolog. If derived from a spliced mRNA,
the LdMNPV ie-0 protein would consist of an additionalpDB107 that lacks the 2.4-kb Pst fragment, was able to
stimulate expression of the 39K GUS reporter at levels 30 amino acids encoded by the ie-0 ORF plus 14 amino
acids encoded by the 42 nucleotides between the splicegreater than produced by the pDB107 clone (Figs. 1b
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sponding to the G and T of a GTAAG baculovirus late
transcription initiation site, located 45 nt upstream of the
LdMNPV ie-0 ATG (Fig. 3a), appeared at 48 hr p.i. and
persisted through 96 hr p.i. Several minor transcripts
which were detected at 48–96 hr p.i. did not map to the
late promoter. Using the LdMNPV ie-1 primer, two strong
early primer extension products of 86 and 124 nt (Fig.
5b) were detected which were present at 6–12 hr p.i.
but did not map to conventional baculovirus early mRNA
start sites (Fig. 3b). A number of late primer extension
products which did not map to consensus baculovirus
late promoters were also detected. Similar late ie-0 and
ie-1 transcripts have been observed in AcMNPV-infected
Sf9 cells and OpMNPV-infected Ld652Y cells (Chisholm
and Henner, 1988; Kovacs et al., 1991a,b; Theilmann and
Summers, 1986). In addition, the ie-1 primer gave prod-
ucts of 269 and 246 nt, which would correspond to the
FIG. 2. Transactivation of the AcMNPV 39K gene by the IE-0 or IE- A of the CAGT and the G of the GTAAG 68 and 44 nt
1 gene products. Ld652Y cells (1.2 1 106) were cotransfected with the upstream, respectively, of the LdMNPV ie-0 ORF (data
indicated plasmids (the molar equivalent of 1.0 mg of AcMNPV pIe-1, not shown). These products had the same time course
the plasmid containing the AcMNPV ie-1 gene) and 0.5 mg of p39KGUS.
of appearance as the corresponding LdMNPV ie-0 primerThe cells were harvested at 48 hr p.i. and assayed for GUS activity as
extension products. Since the LdMNPV ie-1 primer isdescribed under Materials and Methods. Results are plotted as nmoles
of substrate converted per minute per 106 cells. Each column repre- complementary to a sequence within the LdMNPV ie-1
sents the average of three independent transfections, with the standard ORF, it will yield products which extend to the 5* ends
deviation indicated. of both spliced ie-0 and unspliced ie-1 mRNAs. It gave
products corresponding to transcriptional initiation sites
present in the LdMNPV ie-0 upstream region, indicatingcleavage site and the ie-1 ATG. These 44 amino acids
that the spliced ie-0 is present in infected Ld652Y cells.added to the 566 amino acids of ie-1 would give a pre-
dicted full-length protein of 610 amino acids. Confirma-
Ability of LdMNPV ie-0- and ie-1-containing clones totion of the splice site by sequencing a RT-PCR product
transactivate early gene expressionderived from the ie-0 mRNA is described later in this
report. An alignment of the predicted, spliced OpMNPV,
In order to test the ability of the LdMNPV ie-0 geneAcMNPV, and LdMNPV ie-0 proteins is shown in Fig. 4.
product to transactivate early gene expression, we usedRegions of identity found in the OpMNPV and AcMNPV
RT-PCR to amplify the LdMNPV ie-0 messenger RNAamino acid sequences are generally less well conserved
present in total RNA extracted from Ld652Y cells 12 hrin the LdMNPV sequence, particularly in the N-terminal
p.i. The resulting PCR product was then used to recon-ie-0 spliced region.
struct a full-length LdMNPV ie-0 clone, pLdie-0, under
the control of the AcMNPV ie-1 promoter. Sequence anal-Expression of LdMNPV ie-0 and ie-1 transcripts
ysis of the resulting clone confirmed that the LdMNPV
ie-0 region is spliced to the ie-1 region as predicted byInitiation sites of ie-0 and ie-1 transcripts were mapped
using primer extension analysis (Fig. 5). Total RNA sam- the splice donor and acceptor sites (Fig. 4). Since the
p107Pst4.3 clone, which contains the complete LdMNPVples, extracted from cells at various times after infection
with LdMNPV, were analyzed using oligonucleotides ie-1 ORF under its native promoter and the 5* and 3*
flanking regions, did not stimulate GUS reporter genespecific to either LdMNPV ie-0 or ie-1. The LdMNPV ie-
0 primer, which is complementary to nucleotides 177 – activity (Fig. 2), we reasoned that it might not be ex-
pressed under our transient assay conditions. We there-195 of the ie-0 ORF (Fig. 3a), gave a primer extension
product of 110 nt in length (Fig. 5a). This product was fore constructed a clone, pLdie-1, containing the
LdMNPV ie-1 ORF under the control of the AcMNPV ie-first detected at 6 hr p.i. and was present throughout the
time course (6–96 hr p.i.). It corresponds to the A of 1 promoter in the same manner as that used to obtain
the pLdie-0 clone.CAGT, a consensus early mRNA initiation sequence
(Blissard and Rohrmann, 1989), 68 nt upstream of the Both the pLdie-0 and the pLdie-1 clones were tested
for their ability to transactivate expression of the 39KGUSLdMNPV ie-0 ORF (Fig. 3a). A 67-nt product which is
abundant from 0 to 18 hr p.i. is also detected in the mock- reporter in a transient assay (Fig. 6a, lanes 1–3). The
pLdie-0 clone stimulated GUS expression, while theinfected lane and may be due to cross-hybridization of
the probe with a cellular mRNA which increases during pLdie-1 clone showed no activity above background lev-
els. These results support our previous data which indi-infection. In addition, products of 87 and 86 nt corre-
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FIG. 3. The nucleotide and predicted amino acid sequences of the LdMNPV ie-0 and LdMNPV ie-1 gene regions. (a) The ie-0 region nucleic acid
sequence is shown with the amino acid translation of the ie-0 ORF and the first 11 amino acids of ORF 142. The TATA and CAGT sequences,
which are found upstream of other early baculovirus genes (Blissard et al., 1989), and the consensus GTAAG late transcription start site are
underlined. The sequence complementary to nucleotides 177 to 195, constituting the 19-base oligonucleotide used for 5* mapping of ie-0, is
underlined and designated ie-0 primer. The early and late transcription start sites identified by primer extension are designated by asterisks. The
region corresponding to the 20-base 5* mutagenic PCR primer, MNP2Ldie0, is boxed. The splice donor site consensus sequence is identified by
the row of dots above the sequence. (b) The ie-1 region nucleic acid sequence with the predicted amino acid translation of the ie-1 ORF is shown.
The upstream TATA and CAGT sequences are underlined. The 3* end of ie-1 containing the double underlined polyadenylation site was mapped
using a cDNA clone (Jim Slavicek, personal communication). The 19 nucleotides from 172 to 190, which are complementary to the synthetic
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FIG. 4. Alignment of three baculovirus spliced ie-0 genes. The junction of the splice donor and acceptor sites for each virus is designated by a
labeled arrow. The methionine of the IE-1 ORF of each virus is identified by an asterisk. The end of each N-terminal acidic domain (see text) is
denoted with an ‘‘a.’’ Identical amino acids are indicated by white letters within black boxes and similar amino acids are denoted by shaded boxes.
Dots (r) indicate gaps. Amino acid number is indicated on the left. The AcMNPV sequences were derived from Ayres et al. (1994) and the OpMNPV
sequences were from Ahrens et al. (1997).
cated that LdMNPV IE-1 must be spliced in order to be p39KGUS reporter, which lacks an enhancer (Fig. 6a,
active in transactivation of the AcMNPV 39K early gene lanes 1 and 4), and a 6-fold stimulation over the
promoter. This is in contrast to results which show that AcMNPV hr5 containing pHdQ-39KGUS reporter (Fig.
AcMNPV IE-0 and IE-1 (Guarino and Summers, 1986a; 6a, lanes 4 and 7). The pLdie-1 clone showed little or
Kovacs et al., 1991b) and OpMNPV IE-1 (Theilmann and no transactivating activity with any of the reporter con-
Stewart, 1991) are active as transcriptional activators. structs (Fig. 6a, lanes 2, 5, and 8). These results indicate
that Ldhr4 enhances expression of a reporter gene un-
LdMNPV hr4 enhances early gene expression der the control of an early promoter. In addition, the
ability of pLdie-0 to stimulate this enhanced responseThe LdMNPV hr4 has previously been shown to act as
appeared to be viral specific, since such a responsean origin of replication in a transient-replication assay
was not observed with the reporter plasmid containing(Pearson and Rohrmann, 1995). In both AcMNPV and
AcMNPV hr5 (pHdQ-39KGUS) (Fig. 6a, lane 7). A similarOpMNPV, hr sequences have also been shown to en-
set of experiments was performed using the pAcie-0hance the expression of early genes (Guarino and Sum-
plasmid containing the AcMNPV ie-0 spliced gene un-mers, 1986b; Theilmann and Stewart, 1992). In order to
der the control of the AcMNPV ie-1 promoter (Fig. 6b).test whether LdMNPV hr4 enhances early gene expres-
Again the pLdie-0 clone stimulated increased expres-sion, we inserted the BamHI – EcoRI Ldhr4-containing
sion of a GUS reporter when the LdMNPV hr4 is presentfragment upstream of the AcMNPV 39K promoter in our
compared to reporters containing the AcMNPV hr5 orGUS reporter plasmid. For comparison, a GUS reporter
no enhancer (lanes 4, 7, and 1, respectively). pAcie-0construct, pHdQ-39KGUS (Leisy et al., 1995), containing
activated all three reporter constructs. However, pHdQ-the AcMNPV hr5 enhancer sequence upstream of the
39KGUS (lane 8) showed a 33-fold increase in activity39K promoter, was also used in these studies. The re-
over p39KGUS (compare lanes 8 and 2) and a 73-foldsults of cotransfecting the plasmids pLdie-0 or pLdie-1
increase in activity over pLdhr4GUS (compare lanes 8with p39KGUS, pLdhr4GUS, or pHdQ-39KGUS into
and 5). The enhancerless p39KGUS reporter activatedLd652Y cells are shown in Fig. 6a. pLdie-0 caused a
4-fold stimulation of the pLdhr4GUS reporter over the by pAcie-0 showed a 2-fold increase in activity over the
oligonucleotide used for primer extension, are underlined and labeled ie-1 primer. The early and late transcription start sites mapped by primer
extension analysis are designated by asterisks. The region corresponding to the 5* mutagenic 20-base PCR primer, MNP6Ldie1, and the region
complementary to the 3* 19-base PCR primer, MNP7Ld, are boxed. The internal, naturally occurring NcoI site starting at nt 533 is overlined. The
splice acceptor site consensus sequence is marked with a row of dots above the sequence.
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FIG. 5. Primer extension analysis of ie-0 and ie-1 gene transcription. Total RNA extracted from mock-infected or LdMNPV-infected Ld652Y cells
at various times p.i. was annealed to 5* end-labeled primer and extended with M-MLV reverse transcriptase, and the labeled products were resolved
on 6% polyacrylamide–urea sequencing gels. The sizes in nucleotides (nt) of the primer extension products are indicated on the right and were
determined by alignment with pBKS- containing the 39K promoter (a) or pBKS- (b) sequencing ladders. (a) Primer extension results using the ie-0
19-mer which is complementary to nucleotides /177 to /195 of the ie-0 ORF. (b) Primer extension results using the ie-1 19-mer which is
complementary to nucleotides /172 to /190 of the ie-1 ORF.
reporter containing the LdMNPV enhancer, pLdhr4GUS Ldie-0 is an essential replication gene
(compare lanes 2 and 5). These results again demon-
The AcMNPV and OpMNPV ie-1 genes have previouslystrate the viral specificity of the transactivating protein
been shown to encode proteins that are essential forfor the enhancer in Ld652Y cells.
replication-of-origin-containing plasmids in a transientIn order to determine whether this viral specificity oc-
replication assay system (Ahrens and Rohrmann, 1995;curs in other cell lines, the same transactivating and GUS
Kool et al., 1994). Using the LdMNPV overlapping cosmidreporter plasmids were tested in Sf9 cells (Fig. 7). pLdie-
library and the plasmid pLdhr4, which contains the0 gave the same pattern of response with all three report-
LdMNPV hr4 replication origin (Pearson and Rohrmann,ers except that the GUS activity was increased in all
1995), we tested the ability of various plasmids con-cases over that seen in Ld652Y cells (Fig. 7a, lanes 1,
taining the LdMNPV ie-0 and ie-1 ORFs to function in4, and 7). Although pAcie-0 stimulated a 2-fold increase
a transient replication assay. Various combinations ofin activity with the pLdhr4GUS reporter, it gave a 4.5-fold
cosmids and plasmids were cotransfected with theincrease with the pHdQ-39KGUS reporter over that seen
pLdhr4 reporter plasmid into Ld652Y cells, and the repli-with the enhancerless p39KGUS construct (Fig. 7b, com-
cation of the reporter was assessed using a DpnI-basedpare lanes 7 and 11 to lane 3). These results are consis-
assay (Pearson et al., 1993; Peden et al., 1980). The re-tent with the observation in Ld652Y cells of viral specific-
sults of these experiments are shown in Fig. 8. Cotrans-ity of transactivator protein for enhancer sequence. They
fection of all six cosmids (A–F) supported replication ofalso suggest that cell factors may play a role in the level
the reporter, which is seen as the 4.9-kb band in lane 1.of stimulation of reporter expression, since the Sf9 cells
In addition, a 6.4-kb DpnI-resistant band is also seen,showed higher GUS activities with both heterologous
which is due to replication of the cosmid vector pHC79and homologous transactivators and enhancers than
(see lane 7). Omitting cosmid A from the cosmid mixwas seen in the Ld652Y cells.
abolished replication (lane 2). Replacing cosmid A withpLdie-1 under the control of the AcMNPV ie-1 promoter
pDB107, which contains both the ie-0 and the ie-1 genes,or under its native promoter (p107Pst4.3) did not show
or the LdMNPV ie-0-containing plasmid, pLdie-0, re-significant stimulation of any of the reporters (Fig. 7a,
lanes 2, 5, and 8; Fig. 7b, lanes 2, 6, and 10, respectively). stored replication (lanes 3 and 4). However, substituting
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uninfected Ld652Y cell DNA and treated with (lane 10)
or without (lane 11) DpnI is completely digested under
the experimental conditions used. These results are con-
sistent with our previous observation that in LdMNPV
only the spliced form, IE-0, is active.
DISCUSSION
Analysis of ie-1 gene expression in AcMNPV demon-
strated that a 2.1-kb transcript, which is present at peak
levels during the early stage of infection (1–4 hr p.i.), is
a spliced form of the gene termed ie-0. An unspliced 1.9-
kb transcript, ie-1, appears during the first hour p.i. and
is present throughout the course of infection in addition
to multiple large, late transcripts which appear by 10 hr
p.i. (Chisholm and Henner, 1988; Guarino and Summers,
1987). The identification of the AcMNPV ie-0 transcript
was the first and only report of a spliced AcMNPV gene
transcript. Subsequently, a spliced ie-0 message, present
early in infection, was detected in OpMNPV-infected cells
(Theilmann and Stewart, 1991). In this study, we report
the identification and characterization of the LdMNPV ie-
0 and ie-1 genes. Sequence analysis of these two genes
showed the presence of highly conserved splice donor
and splice acceptor sites in the ie-0 and ie-1 genes,
respectively. Using a transient transcriptional expression
assay system with plasmids containing both the LdMNPV
ie-0 and the LdMNPV ie-1 sequences (p107PstSphD) or
the ie-1 sequence alone (p107Pst4.3), under the control
of their native promoters, we determined that, in contrast
to AcMNPV and OpMNPV, only IE-0 was active. This
result was unexpected, especially since the region up-
stream of the ie-1 ORF contains conventional early gene
transcriptional motifs, including a TATA box and a CAGT
separated by 24 nucleotides (Blissard and Rohrmann,FIG. 6. Ability of LdMNPV and AcMNPV hr sequences to enhance
1989), similar to the AcMNPV and OpMNPV ie-1 genes.early gene expression when transactivated by the LdMNPV ie-0,
LdMNPV ie-1, and AcMNPV ie-0 gene products in Ld652Y cells. Ld652Y Using both primer extension and RT-PCR analysis, we
cells (1.2 1 106) were cotransfected with the reporter plasmids confirmed the presence of spliced ie-0 mRNA transcripts
p39KGUS, pLdhr4GUS, or pHdQ-39KGUS and the transactivating plas- in Ld652Y cells infected with LdMNPV. In contrast to
mids pLdie-0 and pLdie-1 (a) or pLdie-0 and pAcie-0 (b). The DNA
AcMNPV, for which the ie-0 transcript is present only 1–concentration used for the reporter plasmids was the molar equivalent
4 hr p.i. (Chisholm and Henner, 1988), and OpMNPV,of 0.5 mg of p39KGUS and for the transactivating plasmids, the molar
equivalent of 1.0 mg of AcMNPV pIe-1. At 48 hr posttransfection, the for which the spliced transcript peaked early but was
cells were harvested and analyzed for GUS activity. The columns repre- detectable up to 48 hr p.i. (Theilmann and Stewart, 1991),
sent the average of three independent transfections, with the standard the LdMNPV ie-0 transcripts are present from 6 to 96
deviation indicated.
hr p.i. Two early ie-1 transcripts were also detected in
LdMNPV-infected cells, but neither of these corre-
sponded to expression from the early gene promoter.the plasmid pLdie-1, containing LdMNPV ie-1 under the
AcMNPV ie-1 promoter, or p107Pst4.3, which contains Other baculovirus gene transcriptional start sites which
do not map to traditional early or late motifs have beenthe ie-1 gene under its native promoter, for cosmid A did
not restore replication activity (lanes 5 and 6). Various described, including those for AcMNPV DNA polymer-
ase, p143 (helicase), and p47 (Carstens et al., 1993; Lucontrol experiments which are included in lanes 7
through 11 show the following: the cosmid vector pHC79 and Carstens, 1992; Ohresser et al., 1994).
When the LdMNPV ie-1 ORF was placed under thereplicates in the presence of cosmids B–F and the plas-
mid Ldie-0 (lane 7); the reporter plasmid pLdhr4 trans- control of the strong AcMNPV ie-1 early promoter, it still
gave little or no activity in a transient transcriptionalfected alone into Ld652Y cells does not replicate (lane
8); uninfected Ld652Y cell DNA does not hybridize with transactivation assay, while the LdMNPV ie-0 ORF
placed under the same promoter produced a very activethe probe (lane 9); and pLdhr4 plasmid DNA mixed with
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FIG. 7. Analysis of the ability of the LdMNPV hr4 to enhance early gene expression in the heterologous cell line, Sf9. Sf9 cells (1.2 1 106) were
transfected with the p39KGUS, pLdhr4GUS, or pHdQ-39KGUS reporter plasmids and the transactivating plasmids pLdie-0 and pLdie-1 (a) or pLdie-
0, p107Pst4.3, and pAcie-0 (b). The DNA concentrations used were the molar equivalents of 0.5 mg of p39KGUS for the reporter plasmids and 1.0
mg of AcMNPV pIe-1 for the transactivating plasmids. Cells were collected 24 hr posttransfection and assayed for GUS activity. Each column
represents the average of three separate experiments with the standard deviation indicated.
transactivating product. These results and the primer ex- an active transactivating protein. Acidic domains have
been shown to be a requirement for transactivation intension data suggest that the additional 44 amino acids
encoded by the spliced ie-0 transcript are required for several proteins including herpes simplex virus-1 VP16
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charge of 015. The inability of LdMNPV IE-1 to function
as a transactivator in the unspliced form, therefore, can-
not be attributed to the lack of a highly acidic N-terminal
domain. The additional 44 amino acids of LdMNPV IE-0
actually increase this net negative N-terminal charge to
020. A search using the BLASTP protocol (Altschul et
al., 1990) showed that these first 44 amino acids of
LdMNPV IE-0 have no significant homology with any pro-
teins in the database.
Alignment of the LdMNPV IE-0 predicted protein se-
quence with those of AcMNPV IE-0 and OpMNPV IE-0
showed that the N-terminal region is poorly conserved.
In the C-terminus, the regions that are well conserved
between OpMNPV and AcMNPV are less well conserved
in LdMNPV. Both the OpMNPV and the AcMNPV IE-0
proteins show only about 25% overall amino acid identity
with the LdMNPV ORF in this alignment (Fig. 4).
Homologous regions from AcMNPV and OpMNPV
have been shown to function as both transcriptional
enhancers and viral origins of replication. Our studies
using a GUS reporter plasmid containing the LdMNPV
hr4, which has previously been shown to function as a
viral origin of replication (Pearson and Rohrmann, 1995),
indicate that it also functions as a transcriptional en-
hancer when transactivated by the LdMNPV ie-0 gene
product. When AcMNPV IE-0 was used as a transactiva-FIG. 8. Transient replication assay using the LdMNPV cosmids and
tor in Ld652Y cells, the level of expression from two ofvarious plasmids containing the ie-0 and ie-1 ORFs. The combination
of cosmids and clones cotransfected along with the LdMNPV hr4- the GUS reporters, p39KGUS and pHdQ-39KGUS, was
containing reporter plasmid, pLdhr4, into uninfected Ld652Y cells is consistently higher than that seen using LdMNPV IE-
shown above each lane and includes the following: lane 1, cosmids 0 with the same reporters. Similar results have been
A– F; lane 2, cosmids B–F; lane 3, cosmids B–F and pDB107; lane 4,
reported using OpMNPV IE-1 as a transactivator com-cosmids B–F and pLdie-0; lane 5, cosmids B–F and pLdie-1; lane 6,
pared to AcMNPV IE-1 (Theilmann and Stewart, 1991).cosmids B–F and p107Pst4.3. Controls include the following: lane 7,
cosmids B–F and pLdie-0 with no pLdhr4 reporter plasmid; lane 8, the Our results also show that the transactivating protein is
pLdhr4 reporter plasmid only; lane 9, uninfected Ld652Y cell DNA; and viral specific for the enhancer, since in Ld652Y cells
lanes 10 and 11, DpnI digestion controls consisting of uninfected neither LdMNPV IE-0 nor AcMNPV IE-0 gave enhanced
Ld652Y cell DNA mixed with 0.003 mg of the pLdhr4 reporter plasmid
activity with the heterologous virus enhancers, AcMNPVDNA and digested with (lane 10) or without (lane 11) DpnI. The sizes
hr5 and LdMNPV hr4, respectively. This viral specificity(in kb) of the linearized pLdhr4 reporter plasmid and pHC79 cosmid
vector are indicated to the right of the blot. has also been shown in replication, since hrs are repli-
cated very poorly by heterologous virus (Ahrens et al.,
1995; Pearson et al., 1993). This viral specificity of trans-
and Saccharomyces cerevisiae GAL4 (Gill and Ptashne, activator for enhancer was maintained when the same
1987; Triezenberg et al., 1988). Analysis of the highly experiments were performed in Sf9 cells. However, the
acidic activating region I of GAL4 showed that point mu- Sf9 cells gave consistently higher levels of activity with
tations which increased the activation ability of the region both the LdMNPV and the AcMNPV viral systems than
always increased the acidity. Studies of the AcMNPV IE- was seen in Ld652Y cells. These results could be due
1 protein showed that an acidic domain, with a net to differences in efficiency of transfection between the
charge of014, located in the N-terminal 145 amino acids two cell types or may be attributable to cell factors
of the protein, was essential for transactivation (Kovacs which play a role in the level of expression of the trans-
et al., 1992) (see Fig. 4). The N-terminal 132 amino acids activating protein or interact with the enhancer se-
of OpMNPV IE-1, while lacking a high degree of homol- quence itself. Sf9 cells have been shown to contain a
ogy with AcMNPV IE-1, still maintain an acidic profile, factor(s) which transactivates the OpMNPV ie-1 pro-
with a net charge of 013 (Theilmann and Stewart, 1991). moter by interacting with specific sequences, resulting
The N-terminal 100 amino acids of the LdMNPV IE-1 in much higher levels of expression. This factor is not
predicted protein, which align to the region containing present in Ld652Y cells (Theilmann and Stewart, 1991).
amino acids 1 to 145 of AcMNPV and 1 to 132 of OpMNPV A 38-kDa protein from Sf9 cells has been shown to
but which show a low degree of sequence similarity to interact with AcMNPV hr1 and may play a role in its
enhancer function (Habib and Hasnain, 1996).them, also maintain this acidic character with a net
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Blissard, G. W., and Rohrmann, G. F. (1989). Location, sequence, tran-Although AcMNPV IE-0 is identical to IE-1 except for
scriptional mapping, and temporal expression of the gp64 envelopean additional 54 amino acids at the N-terminus, these
glycoprotein gene of the Orgyia pseudotsugata multicapsid nuclear
two proteins have been reported to have different tran- polyhedrosis virus. Virology 170, 537–555.
scriptional regulatory properties. While IE-1 could trans- Blissard, G. W., and Rohrmann, G. F. (1990). Baculovirus diversity and
molecular biology. Annu. Rev. Entomol. 35, 127–155.activate a reporter gene under the control of the 39K
Braunagel, S. C., He, H., Ramamurthy, P., and Summers, M. D. (1996).promoter with or without an enhancer, IE-0 required the
Transcription, translation, and cellular localization of three Auto-presence of an enhancer sequence in order to transacti-
grapha californica nuclear polyhedrosis virus structural proteins:
vate this promoter (Kovacs et al., 1991b). In our studies, ODV-E18, ODV-E35 and ODV-EC27. Virology 222, 100–114.
LdMNPV IE-0 was able to give a low level of transactiva- Braunagel, S. C., and Summers, M. D. (1994). Autographa californica
nuclear polyhedrosis virus, PDV, and ECV viral envelopes and nu-tion of the 39K GUS reporter, but this transactivation was
cleocapsids: Structural proteins, antigens, lipid and fatty acid profiles.greatly increased in the presence of the LdMNPV hr4
Virology 202, 315–328.enhancer sequence. However, in contrast to the
Carson, D. D., Guarino, L. A., and Summers, M. D. (1988). Functional
AcMNPV system, LdMNPV IE-1 did not transactivate ei- mapping of an AcNPV immediate early gene which augments expres-
ther the enhancerless or the enhancer-containing 39K sion of the IE-1 trans-activated 39K gene. Virology 162, 444–451.
Carstens, E. B., Lu, A. L., and Chan, H. L. B. (1993). Sequence, transcrip-reporter plasmid. AcMNPV ie-1 has been shown to be
tional mapping, and overexpression of p47, a baculovirus gene regu-an essential replication gene in a transient replication
lating late gene expression. J. Virol. 67, 2513–2520.assay. Our results using the same kind of replication
Chisholm, G. E., and Henner, D. J. (1988). Multiple early transcripts and
system show that the LdMNPV ie-0 gene provides this splicing of the Autographa californica nuclear polyhedrosis virus IE-
essential replication function, whereas the ie-1 gene un- 1 gene. J. Virol. 62, 3193–3200.
Cochran, M. A., and Faulkner, P. (1983). Location of homologous DNAder the control of its native promoter or the AcMNPV ie-
sequences interspersed at five regions in the baculovirus AcMNPV1 promoter is inactive. Since the primer extension data
genome. J. Virol. 45, 961–970.indicate that ie-1 transcripts are expressed in LdMNPV-
Devereux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive
infected Ld652Y cells, the inactivity of the cloned set of sequence analysis programs for the VAX. Nucleic Acids Res.
LdMNPV ie-1 gene in both transient transcription and 12, 387–395.
replication assays may be due to the particular proper- Friesen, P. D., and Miller, L. K. (1986). The regulation of baculovirus
gene expression. Curr. Top. Microbiol. Immunol. 131, 31–49.ties of the experimental system that we used. However,
Garcia-Maruniak, A., Pavan, O. H. O., and Maruniak, J. E. (1996). A vari-our results do suggest that splicing may be required to
able region of Anticarsia gemmatalis nuclear polyhedrosis virus con-obtain an active LdMNPV ie-1 gene product.
tains tandemly repeated DNA sequences. Virus Res. 41, 123–132.
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